Mutations in MECP2, encoding methyl CpG binding protein 2 (MeCP2), cause most cases of Rett syndrome (RTT), an X-linked neurodevelopmental disorder. Both RTT and autism are "pervasive developmental disorders" and share a loss of social, cognitive and language skills and a gain in repetitive stereotyped behavior, following apparently normal perinatal development. Although MECP2 coding mutations are a rare cause of autism, MeCP2 expression defects were previously found in autism brain. To further study the role of MeCP2 in autism spectrum disorders (ASDs), we determined the frequency of MeCP2 expression defects in brain samples from autism and other ASDs. We also tested the hypotheses that MECP2 promoter mutations or aberrant promoter methylation correlate with reduced expression in cases of idiopathic autism. MeCP2 immunofluorescence in autism and other neurodevelopmental disorders was quantified by laser scanning cytometry and compared with control postmortem cerebral cortex samples on a large tissue microarray. A significant reduction in MeCP2 expression compared to age-matched controls was found in 11/14 autism (79%), 9/9 RTT (100%), 4/4 Angelman syndrome (100%), 3/4 Prader-Willi syndrome (75%), 3/5 Down syndrome (60%), and 2/2 attention deficit hyperactivity disorder (100%) frontal cortex samples. One autism female was heterozygous for a rare MECP2 promoter variant that correlated with reduced MeCP2 expression. A more frequent occurrence was significantly increased MECP2 promoter methylation in autism male frontal cortex compared to controls. Furthermore, percent promoter methylation of MECP2 significantly correlated with reduced MeCP2 protein expression. These results suggest that both genetic and epigenetic defects lead to reduced MeCP2 expression and may be important in the complex etiology of autism.
INTRODUCTION
Rett syndrome (RTT) and autism are neurodevelopmental disorders within the category of "pervasive developmental disorders" (PDDs). RTT is an X-linked dominant disorder that causes mental retardation and occurs almost exclusively in females. RTT patients exhibit normal early development followed by a loss of social, cognitive, and language skills at around 6-18 months (1). Autism is more common in males and is characterized by deficits in three main areas: social interaction, language and communication, and restricted and repetitive behavior and interests (2) (3) (4) . Autism and RTT overlap phenotypically and show a similar delayed onset after apparently normal prenatal and early postnatal development. Whereas the majority of RTT cases are caused by mutations in methyl CpG binding protein 2 (MECP2) (5) , autism has an unknown but likely complex genetic basis involving multiple genes and environmental contributions.
Interestingly, the phenotypic spectrum of MECP2 coding mutations extends beyond RTT. MECP2 mutations have been reported in individuals with infantile autism, severe neonatal encephalopathy, motor abnormalities, respiratory dysfunction, mental retardation, bipolar disorder, schizophrenia, mild learning disabilities, milder late-onset versions of RTT, and normal phenotype (due to non-random X-chromosome inactivation favoring the wild-type allele) (6, 7) . Heterozygous deletions encompassing most or all of MECP2 have been reported in some RTT cases (8) (9) (10) (11) . MECP2 duplications have been found in RTT syndrome and severe mental retardation, indicating that correct dosage of MeCP2 is critical for proper neurodevelopment (9, 10, (12) (13) (14) .
Although a few instances of coding MECP2 mutations have been found in autism (15) (16) (17) , they are not common (18, 19) . DNA sequence variants in the non-coding regions of MECP2, such as the promoter, introns, and 3′-untranslated region (3′-UTR), might be present in autism and affect MeCP2 expression. In support of this hypothesis, a higher frequency of sequence variants within the MECP2 3′ UTR has been reported in autism versus controls (20) . Furthermore, genetic mapping studies have found modest support for linkage and association for the genomic region containing MECP2 (Xq27-28) in autism (21, 22 ).
MeCP2 expression is spatially and developmentally regulated and is characterized by heterogeneous expression in subpopulations of neurons in the brain (23) (24) (25) . The highest expression of MeCP2 is in mature postnatal neurons with some differences between brain regions. Two major MECP2 mRNA transcripts, which differ in 3′ UTR length, are detected in human brain by Northern blotting (26) (27) (28) . Additionally, two protein isoforms of MeCP2 are generated by alternative splicing (29, 30) . Recently, a major Mecp2 transcriptional start site 47 bp upstream of the previously annotated exon 1 was identified in mouse (31) . Functional analysis of the mouse Mecp2 promoter identified a 733 bp promoter segment (−677 to +56) that conferred neuron-specific expression in embryonic and postnatal development. The complex developmental and tissue-specific expression of MeCP2 suggests that multiple pathways could alter MeCP2 expression in the developing brain.
We previously reported abnormal MeCP2 protein expression in autism spectrum disorder frontal cortex samples (32) . In addition, different patterns of MeCP2 protein isoform expression and MECP2 3′ UTR usage were observed, suggesting that both transcriptional and posttranscriptional mechanisms might be involved in abnormal MeCP2 protein expression in autism spectrum disorders (ASDs). In this study, we have extended the analysis of MeCP2 expression in frontal cortex and fusiform gyrus to determine the frequency, specificity, and possible causes of reduced MeCP2 in autism. Reduced MeCP2 protein expression was frequently observed in autism spectrum disorder brain samples. Although genetic variants within a ~2 kb region upstream of MECP2 were rare, increased MECP2 promoter methylation was frequently found in male autism frontal cortex by bisulfite sequencing. This increased methylation was concentrated at two 5′ CpG sites and significantly correlated with reduced MeCP2 protein expression. These results suggest that an epigenetic defect of aberrant MECP2 promoter methylation may be important in the etiology of autism.
MATERIALS AND METHODS

Tissue samples and microarray construction
Frozen frontal cerebral cortex (Brodmann Area 9) and fusiform gyrus samples were obtained with assistance of the Autism Tissue Program from the University of Maryland Brain and Tissue Bank for Neurodevelopmental Disorders, the Harvard Brain Tissue Resource Center, the University of Miami Brain and Tissue Bank for Neurodevelopmental Disorders, and Drs. Paul Hagerman and Flora Tassone (UC Davis). Brain samples were chosen from human cadavers where death resulted from non-neurological causes and where the post mortem interval (PMI) was short. The cause of death, PMI, and other information is provided in Supplementary Table I . Frozen brain samples were fixed in 10% buffered formalin for 48 h, washed three times in 1X PBS, and embedded in paraffin. A 5 μm section was cut and stained with hematoxalin and eosin (H & E) and examined for tissue histochemistry. Regions containing cerebral cortical layers III-V were circled to guide sampling from the corresponding tissue block. Triplicate 600 μm diameter tissue cores were extracted from cerebral cortical layers III-V from each paraffin-embedded tissue block and inserted into a recipient paraffin block using a Beecher Instruments tissue microarrayer. Serial 5 μm sections were cut from the finished recipient block and every 10 th section was stained with H & E to ensure completeness and sampling accuracy. The remaining unstained sections were baked overnight at 56° C. Methods for tissue section deparaffinization and epitope exposure were performed as described previously (23) .
Immunofluorescence and Laser Scanning Cytometry (LSC)
A chicken anti-human MeCP2 C-terminus antibody (epitope: RPNREEPVDSRTPVTERVS) was custom made by Aves and used for detection of total MeCP2 protein (both protein isoforms). This antibody was determined to be specific by lack of immunoreactivity in a Mecp2 null mouse (data not shown) and in a human male with a truncating mutation (RTT 1238) (Table 1) . Anti-MeCP2 and anti-histone H1 (Upstate Biotechnology) were diluted 1:10000 and 1:100, respectively, in IF stain buffer (PBS/1% FCS/0.5% Tween-20). Two hundred μl of this dilution were added to the tissue microarray slide and incubated for 2 h at 37° in a humidified chamber. As a negative control, a parallel IF was performed using an MeCP2-depleted chicken IgY fraction and a non-specific mouse IgG. Three 5 minute washes in PBS/0.5% Tween-20 preceded incubation with secondary antibodies. A Cy5-labeled donkey anti-chicken IgY (Jackson ImmunoResearch) and a Cascade Blue-labeled goat anti-mouse IgG (Molecular Probes) were each diluted 1:100 in IF stain buffer containing 10 μg/ml RNase and 7 μg/ml propidium iodide. Slides were incubated in 200μl of this secondary antibody solution for 1 hr at 37° in a humidified chamber, followed by three 5 minute washes in PBS/0.5% Tween-20. Slides were then mounted in PBS/50% glycerol with 7 μg/ml propidium iodide, coverslipped, and sealed with nail polish. Laser scanning cytometry was performed to quantify protein expression (as described in (23)). Briefly, slides were scanned with a laser scanning cytometer (CompuCyte, Cambridge, MA) with a 20X microscope objective using argon, violet, and HeNe lasers. Fluorescence data was collected using the software program Wincyte (CompuCyte, Cambridge, MA) in the blue, red, and long red channels as max pixel values. Voltage, PMT, and threshold settings were identical for experimental and control slides. Cell nuclei were contoured in the red channel with propidium iodide fluorescence. Large cell clusters were removed by gating single cells on the area vs. red max pixel scattergram. MeCP2 immunofluorescence was normalized to histone H1 immunofluorescence by dividing the former value by the latter for each core analyzed. MeCP2 percent high cells (MeCP2 hi ) were determined by setting a colored gate at the right half-max of a histogram of MeCP2 fluorescence of all adult control samples.
Immunoblotting
Protein extracts were isolated from frozen brain samples using TRIzol (Invitrogen) according to manufacturer's protocol. Ten mg of protein were loaded on a 4-15% Tris-HCl polyacrylamide gel (Biorad) and transferred to a nitrocellulose membrane. After a 5 minute wash in 1X phosphate-buffered saline (PBS), membranes were blocked with 5% non-fat dry milk (Carnation) in 1X PBS/0.05% Tween. Primary antibody incubation was performed overnight at 4°C with a rabbit anti-C-terminal MeCP2 (Affinity) (1:2000 in 1X PBS) or mouse anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Advanced Immunochemical) (1:600 in 1X PBS). Following four 5 minute washes in 1X PBS, secondary antibody incubation was performed for 1 hr at room temperature with 1:2500 of goat anti-rabbit horseradish peroxidase (HRP) (Bio-Rad) or 1:10000 goat anti-mouse HRP (Bio-Rad). After four 5 minute washes in 1X PBS, detection was performed with Supersignal West Pico chemiluminescent substrate (Pierce). Quantification was conducted with Nucleotech Gel Expert Version 2.0.
PCR and Sequencing
Frontal cortex (BA9) genomic DNA was isolated from frozen postmortem human samples using the PureGene Kit (Gentra). PCR primers were designed to amplify all four exons of MECP2, including intron-exon boundaries. All neurodevelopmental disorder samples on the tissue microarray were sequenced to check for MECP2 coding mutations (39 samples). Another group of overlapping PCR primers was designed to amplify the putative promoter and upstream regulatory sequences of MECP2 as well as a short fragment of intron I. PCR primer sequences are shown in Supplementary Table II Genotyping assay for g.-1398T>C variant DNA from autism and control brain samples was used for genotyping. In addition, 65 autism DNA samples were obtained from the Autism Genetic Resource Exchange (AGRE). These samples were from both males and females diagnosed with idiopathic autism and were all unrelated. A total of 79 autism individuals and 20 controls were genotyped for the g.-1398T>C variant. PCR primers were designed to flank the variant site (Supplementary Table II) , producing a 175 bp amplicon. These primers (0.4 μM each) were used in a 50 μl PCR reaction containing 2.5 units Invitrogen Taq, 1.5 mM MgCl2, 20 mM tris-HCl (pH 8.4), 50 mM KCl, 0.4 mM each dNTP, and approximately 10-50 ng genomic DNA. The annealing temperature was 66.8° C. The C allele creates an HpyCH4III restriction enzyme site. The PCR products were purified (Qiaquick Gel Purification kit, Qiagen), and 2 μl of each was digested with 5 units of HpyCH4III (New England Biolabs) in a 25 μl reaction containing 1X NEB buffer 4 at 37° C for 3 hours. Digested PCR products were electrophoresed on a 2% agarose gel for detection.
Single Strand Conformation Polymorphism (SSCP) analysis
The 175 bp PCR product used for HpyCH4III genotyping was used for SSCP with the Genegel/ Excel 12.5/24 kit (GE Healthcare/Amersham) following the manufacturer's instructions. Briefly, 5 μl of purified PCR product was mixed with 5 μl denaturing solution and incubated at 95° for 5 minutes, then placed immediately on ice. Six μl of this mixture was loaded onto a precast polyacrylamide gel pre-cooled to 10° C and run at 25 mA/600 V on a GenePhor electrophoresis unit (GE Healthcare/Amersham). Gels were visualized with silver staining.
Seventy-nine autism samples and 20 controls totaling 17.3 kb (175 bp X 99 individuals) were assayed by SSCP.
Bisulfite Sequencing
Frontal cortex (BA9) genomic DNA was isolated from frozen postmortem human samples using the PureGene Kit (Gentra). Genomic DNA was sheared with a syringe needle, extracted with phenol/chloroform/isoamyl alcohol, and precipitated with sodium acetate/ethanol and resuspended in sterile water. Approximately 1 μg of frontal cortex genomic DNA was used for bisulfite conversion using the CpGenome kit (Chemicon) following the manufacturer's instructions. Briefly, DNA samples were treated overnight at 55° with sodium bisulfite, desalted, desulfonated, and eluted in 20 μl TE. One μl of converted DNA was used for bisulfite PCR. Bisulfite primers were designed using the online tool Methprimer (http://www.urogene.org/methprimer/index.html) (55) . The forward (GTTAGGTTTTAGGGTGGGTAATTTT) and reverse (CCCCTCCAACTATTAATTAACTACTTTC) primers (0.4 μM each) were used in a 50 μl volume PCR reaction with 2.5 units Roche FastStart High Fidelity Taq, 1X Roche FastStart High Fidelity Reaction Buffer (with 1.8 mM MgCl2,) 0.2 mM of each dNTP, and 1X DMSO. The cycling conditions were 94° for 1 min., 56.8° for 30 sec., 72° for 1 min, for a total of 40 cycles. PCR products were gel purified with the Qiaquick Gel Purification kit (Qiagen) and ligated overnight at 4° C with the pGEM-T-Easy kit (Promega). Two to five μl of the ligation were used to transform JM109 competent cells (Promega) and bacteria were plated on LB Ampicillin with X-gal and IPTG. White colonies were picked and grown up in overnight LB Amp cultures. Plasmids were purified with the Qiaprep kit (Qiagen) and tested for presence of the correct insert with a Not I digest (New England Biolabs). Positive plasmids were sequenced using the T7 promoter sequencing primer by the UC Davis Division of Biological Sciences Sequencing Facility. A minimum of ten colonies were sequenced for each brain sample.
RESULTS
MeCP2 expression is significantly reduced in a high frequency of autism and autism spectrum disorder brain samples
A tissue microarray was constructed using human postmortem brain tissue from ASDs and controls ( Figure 1A ). Tissue microarrays allow high-throughput analysis of multiple tissue samples on a single microscope slide (23) . We aimed to determine 1) the frequency and specificity of MeCP2 expression defects in autism and related disorders and 2) if MeCP2 expression defects are limited to a single brain region in autism. Frontal cortex Brodmann area 9 (BA9) samples were included because of the importance of frontal cortex in autism and the previous finding of high MeCP2 expression in this region (23) . Fusiform gyrus samples were included because of the importance of this brain region in autism, particularly with regards to defects in face processing (33) . To compare idiopathic autism cases with those of known neurodevelopmental disorders with partial autism comorbidity, brain samples from Angelman syndrome (AS), Prader-Willi syndrome (PWS), Down syndrome, attention deficit hyperactivity disorder (ADHD), and Fragile X syndrome were included. Brain sample characteristics are provided in Table 1 and Supplementary Table I. Immunofluorescence (IF) was performed on tissue microarray slides with an anti-MeCP2 Cterminal antibody (which detects both isoforms of MeCP2) normalized to histone H1. Histone H1 was chosen because it is an abundant nuclear protein with genome-wide distribution, and does not exhibit major changes in expression during development (24) . MeCP2 and histone H1 nuclear fluorescence intensities were quantified by laser scanning cytometry (LSC) for individual nuclei. Figure 1B shows representative histograms of LSC quantification of MeCP2 expression in three individually gated frontal cortex samples (RTT B5020, AUT B4498, AUT B5000) (filled histograms), each compared to the three closest age-matched controls (open histograms). Immunoblotting analysis of autism frontal cortex samples confirmed the validity of this approach ( Figure 1C ). The mean normalized MeCP2 fluorescence (representing 200-500 cells) was calculated for each tissue core. Triplicate cores of each neurodevelopmental disorder sample were analyzed for each experimental replicate, and three experimental replicates were performed (n=9). Normalized MeCP2 immunofluorescence for each neurodevelopmental disorder sample were compared to that of the three closest age-matched controls (n=27), and statistical significance was determined by t-test. Table 1 shows that 11/14 (79%) of autism frontal cortex samples showed significantly deficient MeCP2 protein expression (significantly lower than age-matched controls), exhibiting up to a two-fold reduction. The percentage of cells expressing high levels of MeCP2 (MeCP2 hi ) was significantly lower than age-matched controls in 11/14 (79%) of autism samples.
Six autism brains were represented on the tissue microarray with both frontal cortex and fusiform gyrus samples. Five out of six autism fusiform gyrus samples displayed significantly decreased MeCP2, and these samples also showed significantly decreased MeCP2 in frontal cortex (AUT B5342, AUT B5144, AUT B5000, AUT B5173, and AUT B4498). AUT B4925, which was significantly decreased in frontal cortex, was lower in fusiform gyrus but did not reach statistical significance ( Table 1) . As a group, autism samples had significantly lower MeCP2 expression than controls in both frontal cortex (P=0.0001) and fusiform gyrus (P=0.0004). The general concordance of frontal cortex and fusiform gyrus data suggests that the decrease in MeCP2 protein is not limited to a single brain region but is present in at least two brain regions with suspected functional relevance to autism.
All RTT samples, including those without MECP2 coding mutations, showed significantly decreased MeCP2. Other neurodevelopmental disorders showed varying frequencies of MeCP2 expression abnormalities. Four out of four Angelman syndrome (AS), 3/4 Prader-Willi syndrome (PWS), 3/5 Down syndrome, and 2/2 attention deficit hyperactivity disorder (ADHD) frontal cortex samples showed significantly reduced MeCP2. A single fragile X frontal cortex sample showed normal MeCP2. These results suggest that most, but not all, autism spectrum disorders share a common pathway of reduced MeCP2 expression.
A rare MECP2 promoter variant correlates with decreased MeCP2 expression in an autistic female
We hypothesized that mutations in DNA regulatory elements of MECP2, such as the promoter, might reduce MeCP2 expression in autism cases without a known genetic cause. First, we sequenced all four MECP2 exons (including exon-intron boundaries) to determine if coding mutations might be present in these ASD cases. We confirmed coding MECP2 mutations in several previously reported RTT cases (RTT 1238, RTT B4687, RTT B5214, RTT 4312, and RTT B5020) ( Table 1) . RTT 1815 was determined to harbor a rare RTT-causing splice site mutation (c.378-2 A>G) (Figure 2 ). For four RTT samples (RTT 1420, RTT 1748, RTT 3381, and RTT 4321) no coding mutation could be detected. One female autism sample, AUT 1638, was heterozygous for a silent polymorphism in exon 4 (c.1035 A>G; p.K345K) (Figure 2) . No other MECP2 coding variants were found within the remaining neurodevelopmental disorder samples.
Next, we sequenced the MECP2 promoter region in non-MECP2 mutant RTT, autism, and other neurodevelopmental disorder samples that had been included on the tissue microarray (Supplementary Table I ). All sequences were compared to the MECP2 genomic clone AF030876 reference sequence and the sequence positions reported here were determined using this reference sequence and the transcription start site defined by Adachi et al. (31) as +1. None of the samples analyzed carried the g.-165_166insC insertion variant present in AF030876 (previously reported as g.-219_220insC). This is in agreement with previous work showing that this variant appears to be rare in both RTT and controls (34) . A female autism sample (AUT B5342, 11 y) was determined to be heterozygous for a novel promoter variant (g.-1398T>C) (Figure 2 ). While this variant occurs upstream of the defined human promoter (36) , it disrupts a putative Pax4 transcription factor binding site. Furthermore, the wild-type nucleotide (T) is conserved in chimp, rhesus, rabbit, and dog (UCSC Genome Browser).
We hypothesized that this variant might be present in a subset of individuals with autism and might contribute to risk for autism by affecting transcription factor binding and reducing MeCP2 expression. DNA from family members of AUT B5342 was unavailable, so we were unable to determine if this mutation segregates with any ASD phenotype. Alternatively, 79 AGRE and brain autism DNA samples and 20 controls (both males and females) were tested for the g.-1398T>C variant and found negative. To test for allelic heterogeneity, the same samples were tested with single strand conformational polymorphism (SSCP) using PCR primers that spanned 175 bp (94 bp upstream and 80 bp downstream of -1398), but no additional sequence variants were observed, suggesting that MECP2 promoter mutations in this region (−1492 to −1318) are rare in autism.
Increased MECP2 promoter methylation is common in male autism frontal cortex and correlates with reduced MeCP2 expression
Since a common genetic cause of MeCP2 expression deficiency in the 5′ regulatory region could not be found, it was hypothesized that epigenetic events, such as aberrant promoter methylation, might be involved. Bisulfite sequencing was performed on male autism, Down syndrome, and control frontal cortex genomic DNA to determine the pattern of DNA methylation at the MECP2 promoter, which largely overlaps with a CpG island. Since MECP2 is an X-linked gene, only males were analyzed because any promoter methylation observed would be aberrant, as the male X chromosome is actively expressed and unmethylated. Initially, 658 bp (−531 to +127) of the MECP2 regulatory region was analyzed, and it was found that the most 5′ portion showed increased DNA methylation in some autism samples (data not shown). Subsequently, a 289 bp region (−531 to −243) containing 15 CpG sites was analyzed for patterns of DNA methylation by bisulfite sequencing ( Figure 3A) . Several autism males showed some specific increases in methylation of the MECP2 promoter compared to control males. Representative bisulfite sequencing results are shown in Figure  3B , with all results shown in Supplementary Figure 1. A total of nine autism and nine control frontal cortex male samples were tested for DNA methylation by bisulfite sequencing of at least 10 clones per sample. Percent MECP2 promoter methylation was calculated as the percent methylated CpGs out of the total CpGs assayed for each brain sample. Autism males showed a significant (P=0.0269, t-test) increase in overall MECP2 promoter methylation compared to male controls ( Figure 3C ). In addition, percent methylation of each CpG site within the sequenced region was compared. Sites #1 (−496) and #3 (−445) showed the highest percent methylation in autism samples, but site #3 was the only site to show a significant increase in autism compared to controls (P=0.0031, t-test) ( Figure 3E ). This site did not show increased methylation in four male Down syndrome samples, suggesting specificity to autism. Most importantly, normalized MeCP2 protein expression (from Table 1 ) showed a significant inverse correlation with percent MECP2 promoter methylation ( Figure 3D ), suggesting that percent MECP2 promoter methylation is a relevant quantitative epigenotype. These results demonstrate that increased MECP2 promoter methylation correlates with reduced MeCP2 expression and is a frequent characteristic of autism male brains.
Since MECP2 methylation was not observed in every clone, the possibility that increased MECP2 methylation occurred in a subset of cells that normally express high levels of MeCP2 (MeCP2 hi ) was examined. A modest degree of methylation in MeCP2 hi cells could have a large impact on overall MeCP2 protein levels in the brain. To examine this possibility, the difference in percent MeCP2 hi cells in each autism sample from the mean percent MeCP2 hi of the three closest age-matched controls was calculated from the LSC data in Table 1. Table 2 shows the change in the percent MeCP2 hi population compared to the percentage of cells with one or more methylated CpG site. Since autism male samples are hemizygous for MECP2, each clone analyzed for bisulfite sequencing represents a single cell. Table 2 shows a striking correspondence between the percentage of cells obtained for LSC and bisulfite analyses for autism males in the juvenile age group (R 2 = 0.936, P = 0.032, n = 4), suggesting a connection between MECP2 methylation and a decrease in MeCP2 hi cells specific to young samples.
DISCUSSION
Although autism is a highly heritable disorder, the genetic etiology of autism remains elusive. In contrast, Rett syndrome is a phenotypically overlapping PDD primarily caused by mutations in MECP2. The progress made in studying the function of MeCP2 and its role in Rett syndrome provides an opportunity to apply some of this knowledge to other related neurodevelopmental disorders. We previously found defective MeCP2 expression in 4/4 autism frontal cortex samples (32) . Here we expanded this analysis to frontal cortex (BA9) samples from 14 autism patients; six of these patients were represented with both frontal cortex and fusiform gyrus brain samples. Additionally, a greater number of Rett, PWS, and AS samples were included. Down syndrome, ADHD, and Fragile X samples were also included because of some degree of phenotypic overlap or comorbidity between these disorders and autism. Using a tissue microarray containing all of these samples as well as controls, we found that 79% of the autism frontal cortex samples showed significant decreases in MeCP2 total protein expression compared to age-matched controls. In general, there appeared to be good concordance in MeCP2 reduction in autism between the frontal cortex and fusiform gyrus, suggesting that MeCP2 expression defects in autism are not limited to a single brain region.
All Rett syndrome samples showed significantly reduced MeCP2. Since these experiments were performed using a C-terminal MeCP2 antibody that detects both MeCP2 protein isoforms, it is expected that RTT individuals with nonsense MECP2 mutations would show lower expression. In addition, RTT females are heterozygous and mosaic for MECP2 mutations and non-cell autonomous mechanisms result in reduced MeCP2 expression in wild-type expressing cells (35) . Reduced expression was also observed for RTT samples without MECP2 coding mutations. This might be because these samples are heterozygous for MECP2 deletions. Alternatively, these samples might harbor non-coding MECP2 mutations that affect MeCP2 expression. Promoter mutations in the MECP2 −1630 to +254 genomic region were not found in these samples, however new cis-regulatory regions have recently been described (36) and could be tested. The reduced MeCP2 expression in RTT samples without MECP2 mutations suggests that altered regulation of a pathway involving MeCP2 is common to all Rett cases. PWS, AS, ADHD and Down syndrome samples also had high frequencies of MeCP2 reduction, whereas a single Fragile X brain did not. MeCP2 expression defects appeared to increase with age in the Down syndrome samples, suggesting that early changes in brain development caused by trisomy for chromosome 21 might affect MeCP2 expression in adulthood, since high MeCP2 expression is a marker of mature neurons (24, 25) . The significantly lower MeCP2 expression in ADHD samples was surprising, but this result may be brain region-specific, and the small sample number limits further interpretation. However, given the phenotypic overlap between ADHD and autism, these results warrant further investigation with additional ADHD samples and different brain regions. Taken together, the tissue microarray data indicate that MeCP2 deficiency is frequent in autism and RTT, observed in at least two brain regions in autism, and not restricted to RTT and autism. MeCP2 expression may therefore be a marker of a shared dysregulated pathway of abnormal brain development in multiple neurodevelopmental disorders.
Reduced MeCP2 expression is hypothesized to have important functional consequences. Expression of GABRB3 and UBE3A were previously shown to be reduced in human MECP2-mutant RTT brain samples, Mecp2-null mouse brain, and human autism brain (37) . Expression of other genes regulated by MeCP2, such as BDNF and DLX5, may also be affected by reduced MeCP2 (38) (39) (40) . The dysregulation of MeCP2 target genes is expected to have several neurological consequences, such as defects in excitatory neurotransmission and long-term potentiation, leading to some of the cognitive and behavioral deficits in ASDs.
As a first step in finding the etiology of reduced MeCP2 in ASDs, the protein-coding region and a 1.9 kb promoter region of MECP2 were sequenced in ASD samples. As expected, coding mutations were found or confirmed in some RTT samples. One female autism sample, AUT 1638, was heterozygous for a silent polymorphism in exon 4 (c.1035 A>G). This polymorphism has been identified previously and causes a synonymous amino acid change (p.K345K) (20) . MECP2 promoter sequencing yielded a single sequence variant in an autistic female (AUT B5342) who was heterozygous for a novel T>C transition 5′ of the human MECP2 promoter (g.-1398 T>C). The significance of the −1398 variant remains unclear at this stage and will require further functional studies to determine if it could be a rare mutation. One conclusion drawn from these experiments is that mutations in the MECP2 −1492 to −1318 genomic region are rare in autism and are unlikely to be a major contributor to its etiology. It cannot be excluded that sequence variation in other promoter regions, introns, 3′ UTR, or distant regulatory sequences might affect MeCP2 expression. MECP2 exon 1 and promoter mutations are rare in RTT (34), but there is some evidence for involvement of 3′ UTR variants in autism (20) . Recent data suggest that long-range regulation of MECP2 transcription is influenced by sequences up to 130 kb away from the gene itself, presumably exerting their effects through chromatin looping (36) .
Since coding or 5′-regulatory genetic variants did not appear to explain most cases of reduced MeCP2 expression, we hypothesized that aberrant MECP2 promoter methylation might contribute to decreased MeCP2 expression and the autism phenotype. MECP2 is an X-linked gene and is subject to X-inactivation (26) . MECP2 in males is expected to be unmethylated and expressed, so any promoter methylation in autism males would be aberrant. Bisulfite sequencing of the MECP2 promoter (−531 to −243) in male autism and control cerebral cortex found evidence for significantly increased promoter methylation in autism compared to controls. Although not all CpG sites or alleles were methylated in any clone or sample, the overall level of DNA methylation was statistically significantly higher in autism versus controls. One CpG site out of 15 assayed, site #3, showed significantly increased methylation in autism but not four Down syndrome males. This site is located at position −445 and is part of the functional promoter region (31, 36) . Furthermore, ENCODE chromatin immunoprecipitation (ChIP) data show that RNA polymerase II, SP1, SP3, E2F1, and other transcription factors bind at or around CpG site #3, and this region contains a DNase I hypersensitivity site in neuronal cells, strongly suggesting functional relevance (Supplementary Figure II) . Female samples were not included because evidence of bias (not the expected 50% methylation) was observed in control samples, likely due to major differences in amplification and cloning efficiency between the highly methylated inactive and unmethylated active alleles following bisulfite conversion. However, 60% of alleles were methylated at site #3 in female control samples, suggesting that methylation of this site corresponds to transcriptional silencing (data not shown).
The relatively low level of total methylation observed in autism brain samples suggests that the affected cells may only be a subpopulation of the cells from which DNA was isolated from the brain. Since LCS analysis collected data from thousands of cells per sample but bisulfite sequencing analysis was limited to 10-20 cells, the LSC data is ultimately a better reflection of actual cell populations. Despite the sampling discrepancies, the two assays showed a remarkable correlation between the percentage of methylated cells and the decrease in MeCP2 hi cells, particularly for juvenile autism samples. In contrast, the adult autism samples likely had other indirect factors influencing MeCP2 expression, similar to the observation of reduced MeCP2 in adult but not juvenile Down syndrome samples (Table 1) . It would be interesting to determine if changes in MECP2 promoter methylation are detectable and quantifiable in blood in young autism patients with methylation assays that reflect a larger number of cells, as this might facilitate a diagnostic tool for molecular characterization of suspected autism cases.
A mixed oligogenic and epigenetic etiology has been proposed for autism (41) . Epigenetic pathways are relevant in autism because they implicate both genetic and environmental factors. For example, dietary methyl supplementation can affect gene expression via DNA methylation (42) . The observation of monozygotic twins discordant for autism (43) suggests epigenetic differences, as methylation changes increase over the lifespan of monozygotic twins (44) . Abnormal patterns of DNA methylation have been observed in cancer, as both whole genome hypomethylation and tumor-suppressor gene hypermethylation (45) . Interestingly, abnormal DNA methylation has also been found in a several psychiatric disorders. Promoter hypermethylation of the autism and schizophrenia candidate gene reelin (RELN) was found in postmortem occipital and frontal cortex schizophrenia samples (46) . Interestingly, the methylation increases were not at all RELN CpG sites analyzed, but rather only at a few key sites, similar to the increased methylation of one MECP2 CpG site in autism reported here. It seems likely that the epigenetic defects observed in psychiatric disorders are more subtle that than observed in other conditions, such as cancer.
Increased DNA methylation has been observed in alcoholism, and HERP promoter hypermethylation in blood correlated with elevated homocysteine levels and decreased HERP mRNA (47) . In autism, aberrant DNA methylation was found in the gene UBE3A, but did not correlate with reduced expression (41) . Mutations in UBE3A cause Angelman syndrome, but UBE3A is also an autism candidate gene based on cytogenetic, positional, epigenetic, and expression data (37, 48, 49) . Increased acetylated histone H3 lysine 9, which is a mark of active chromatin, correlated with decreased MeCP2 expression in autism brain (50) . These observations indicate that epigenetic pathways are relevant in multiple human neurodevelopmental disorders and open the door for research into epigenetic etiology in autism and other disorders.
What could be the cause of increased MECP2 promoter methylation in autism? One possibility is lack of complete erasure of methylation derived from X chromosome inactivation on the maternally inherited X chromosome. Alternatively, environmental factors, including in utero or postnatal exposure to certain chemicals or pollutants, could result in de novo methylation (51) . Proximal genetic variation does not appear to explain increased MECP2 promoter methylation, in contrast to Fragile X syndrome, where 5′ trinucleotide repeats influence FMR1 promoter methylation (52) . However, genetic variants in trans could potentially cause aberrant MECP2 methylation. Since male Down syndrome samples with reduced MeCP2 expression did not show increased methylation, a simplistic explanation that abnormal brain development is the cause of aberrant MECP2 methylation is unlikely.
MeCP2 is a key epigenetic regulator which mediates the effects of DNA methylation by binding to methylated DNA and recruiting additional factors that modify chromatin (1) . In this study we show that increased MECP2 promoter methylation correlates with reduced expression of MeCP2 in autism brain. While our data suggest that aberrant methylation causes reduced MeCP2 expression, we cannot rule out the possibility that factors that cause reduced MeCP2 expression could also cause increased methylation of the MECP2 promoter. It would be interesting to determine if aberrant MECP2 promoter methylation recruits itself (MeCP2 protein) or other methyl-binding domain (MBD) proteins resulting in reduction of MeCP2 expression. Alternatively, MECP2 promoter methylation at a few key CpG sites may block specific transcription factor binding, independent of MBD protein binding. The latter case seems more likely since one specific CpG site (site #3) showed statistically significantly increased methylation in autism brain. Methylation of this site may affect several putative transcription factor binding sites (CTCF, C/EBP, CAP).
Further understanding of epigenetic pathways in autism will likely lead to a greater understanding of the complex etiology of this disorder. No molecular test currently exists for autism, and diagnosis is based solely on clinical observations. Defining epigenetic abnormalities in autism could lead to a molecular diagnostic test, such as the DNA methylation test used in Angelman and Prader-Willi syndromes (53) . Drugs that act on epigenetic pathways, such as methyltransferase or histone deacetylase inhibitors, are in development or clinical trials for the treatment of cancer (54) . By defining epigenetic defects in neurodevelopmental disorders, some of these advancements may be useful in the diagnosis and eventual treatment of autism and autism spectrum disorders. (23) b Percent methylated cells were calculated by counting the number of bisulfite clones with one or more methylated CpGs and dividing by the total number of clones for that sample. Since the X-linked MECP2 is hemizygous in males, each clone represents the single allele from a single cell c Regression analysis shows that for juvenile autism samples, R 2 = 0.9361, P = 0.032 (n=4)
